Introduction
It is probable that MCM2-7 complex functions as a DNA helicase that unwinds duplex DNA at the DNA replication forks. [1] [2] [3] [4] The function of MCM2-7 is regulated by various proteins. CDC45 binds to MCM2-7 with GINS complex to form CMG complex, and the cumulative data suggest that the CMG complex functions as a DNA helicase at the forks. [5] [6] [7] [8] MCM10, which may function to coordinate DNA unwinding and DNA synthesis by interacting with the CMG complex and DNA polymerase α, 9, 10 is required for the activation of CMG complex at replication origins. [11] [12] [13] RPA, a singlestranded DNA-binding protein, is required for the progression of DNA replication fork by stabilizing single-stranded region. TIM, TIPIN, and Claspin, which are involved in checkpoint signaling, are required for stabilizing stalled DNA replication forks probably by inhibiting MCM2-7 function.
14-20 MCM-BP, which is required for sisterchromatid cohesion, 21, 22 may be involved in detaching MCM2-7 complex from the forks at the termination of DNA replication. 23, 24 Thus, it is evident that MCM2-7 function is regulated with various MCM-interacting proteins, but the molecular details of the regulation are not well understood.
All the MCM2-7 members contain conserved ATP-binding motifs, including Walker A and B and sensors I and II in the central region, 25 and each member-specific region is present near N-and C-terminus. The N-terminal half-region containing a Zn-finger motif of MCM from Archaea is involved in the assembly of MCM into hexamer.
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hosoi et al heterohexamer from Saccharomyces cerevisiae exhibits DNA helicase activity under the selected conditions, 27 and human CMG complex exhibits robust DNA helicase in vitro. 6 MCM4/6/7 trimer, which consists of a core structure of MCM2-7 complex, forms a dimer, and the resultant MCM4/6/7 hexamer exhibits DNA helicase activity. 28 , 29 The results indicate that ATP-binding sites in MCM4, 6, and 7 proteins play different roles in exhibiting the DNA helicase activity and high-affinity binding of MCM6 with ATP is required for the activity. It is possible that MCM4, 6, and 7 proteins play a central role in the exhibition of DNA helicase activity of MCM2-7 complex. We systematically examined the interaction of MCM2-7 proteins with MCM-interacting proteins by immunoprecipitation using extracts prepared from the insect cells where one human MCM protein is overexpressed with one MCM-interacting protein. [30] [31] [32] The MCM-interacting proteins specifically interacted with the MCM2-7 proteins. However, they all interacted with MCM6 in these systems.
In this article, we fragmented human MCM6 protein and used these MCM6 fragments in immunoprecipitation experiments to determine the region required for interaction with MCM-interacting proteins. The results indicate that all the MCM-interacting proteins bind to the C-terminal halffragment of MCM6. CDC45, RPA2, TIM, TIPIN, MCM-BP, and MCM10 bound to a smaller fragment containing ATPbinding motifs. CDC45 and RPA2 bound to the smallest fragment containing Walker motif A. These results suggest that the MCM-interacting proteins regulate MCM2-7 function by modulating the ATP-binding ability of MCM2-7.
Materials and methods
Preparation of McM6 fragments
Various human MCM6 cDNA fragments were amplified by polymerase chain reaction (Toyobo, Japan), where nucleotides generating a myc-tag were attached to forward primer and they were cloned into pVL1392 between EcoRI and BamHI sites. The use of the human material in this study was approved by the Ibaraki University Bioethics Committee. They were N1+C2 (amino acids 1-572), N1+490 (1-490), N1 (1-325), C1 (326-821), C2 (326-572), C3 (573-821), and C4 (326-413). MCM2 fragments (469-618 and 469-672) were also cloned with nucleotides for a flag-tag in forward primer and a myc-tag in reverse primer. The DNAs purified by endotoxin-free system (Qiagen) were cotransfected with linealized baculovirus DNA into Sf9 cells, according to the procedures described by Pharmingen (BaculoGold) or AB vector (ProEasy). Site-directed mutagenesis in the C2 fragment was performed by using QuikChange Lightning Multi Site-Directed Mutagenesis Kit (Agilent Technologies). The primer for converting leucine to alanine at amino acid 370 was CGGGGTGTCCTGGCGAT-GCTCTTTGGTG, that for converting leucine to alanine at 429 was CAGTGCTGCTGGCGCAACAGCAGCTGTTG and that for converting leucine to alanine at 449 was GAGGCTGGAGCTGCGATGTTGGCTGATAATGG.
interaction of McM-interacting proteins with McM2 and McM6 fragments
We examined interactions of MCM-interacting proteins with MCM2 and MCM6 fragments by immunoprecipitation using anti-MCM-interacting protein antibodies. 32 Typically, 100 µL of recombinant baculovirus stock solution for expression of MCM-interacting proteins and 200 µL of stock solution for expression of the MCM2 or MCM6 protein fragments were added to High5 cells (4×10 6 ). The cells were cultured for 2 days at 27°C. They were suspended in 200 µL of lysis buffer containing 10 mM Tris-HCl (pH 7.5), 130 mM NaCl, 1% Triton X-100, 10 mM NaF, 10 mM sodium phosphate buffer, 10 mM Na 4 P 2 O 7 , and protease inhibitor cocktails (8 µg/mL benzamidine-HCl, 5 µg/mL phenanthroline, 5 µg/mL aprotinin, 5 µg/mL leupeptin, 5 µg/mL pepstatin A, and 0.5 mM phenylmethylsulfonyl fluoride). The mixture was incubated for 30-45 minutes on ice, and insoluble components were separated by centrifugation at 14,000 rpm for 20 minutes at 4°C. The supernatant containing Triton-soluble proteins (S) and Triton-insoluble proteins (P) was recovered. The recovered supernatant was mixed for 2 hours ~overnight at 4°C with protein G-Sepharose-antibody beads that had been prepared by incubation with the culture supernatant (1.2 mL) of hybridoma cells producing anti-MCM-interacting protein antibodies with protein G-Sepharose (30 µL) (Amersham Biosciences Corp.) overnight at 4°C. The supernatant after centrifugation was recovered (U). The beads were washed seven times with 200 µL of phosphate-buffered saline containing 0.05% Triton X-100, and the supernatant was recovered after a final spin was recovered (F). Proteins bound to the beads were eluted three times with 30 µL of elution buffer (0.1 M glycine, pH 2.5, and 0.15 M NaCl) (E1, 2, and 3). The eluate was neutralized by addition of 1/10 volume of 2 M Tris-HCl, pH 8.0. Proteins were separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis. After proteins in the gel were transferred to an Immobilon-P transfer membrane (EMD Millipore, Billerica, MA, USA), the membrane was incubated for 1 hour at room temperature with blocking buffer (Block Ace; Yukijirusi Co. Ltd., Sapporo, Japan) diluted threefold with Tris-buffered saline (50 mM Tris-HCl, pH 7.5, 150 mM NaCl); the membrane was then incubated overnight at 4°C with 0. 
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Binding of proteins to aTP-binding site of McM6 primary antibody or 3,000-fold diluted antiserum in blocking buffer (EzBlock; ATTO, Tokyo, Japan) diluted sixfold with Tris-buffered saline containing 0.1% Triton X-100. To detect MCM-interacting proteins, a tenfold diluted culture supernatant of hybridoma cells was used. After the membrane was washed with Tris-buffered saline containing Triton X-100, it was incubated for 2 hours at 27°C with secondary antibody conjugated to horseradish peroxidase (Bio-Rad Laboratories Inc., Hercules, CA, USA). The membrane was then washed and incubated with EzWestLumi plus (ATTO), and chemiluminescent signals were detected using LightCapture (ATTO). The signals were detected using a reagent of EzWest Blue (ATTO). Antibodies against Claspin (4D9), 30 TIM (7D2), 32 TIPIN (13B4), 31 CDC45 (21F4 and 35C9), 30 MCM-BP (18A6), 30 and MCM10 (1E5 and 3E8) 30 were used. Anti-MCM3, MCM4, and MCM6 antiserum were prepared as reported. 24 Anti-myc (sc-40; 9E10; Santa Cruz Biotechnology Inc., Dallax, TX, USA) and anti-flag (M2; Sigma-Aldrich Co., St Louis, MO, USA) antibodies were purchased. Anti-RPA2 mouse antibody (9H9-H4) was kindly provided by J Hurwitz in the Memorial Sloan Kettering Cancer Center.
Purification of proteins and their binding
Human His-MCM2/MCM3/His-MCM4/His-MCM5/MCM6/ His-MCM7 complex was purified from coexpressed High5 cells as reported. 24 Flag-CDC45 30 and Flag-MCM-BP 24 were purified as reported from the lysate of infected High5 cells. In 100 µL of phosphate-bufferred saline, ∼1 µg of CDC45 or MCM-BP was mixed with 1 µ g of MCM2-7 and incubated for 1-2 hours at 4°C. Protein G beads premixed with anti-CDC45 or anti-MCM-BP antibodies were added to the reaction, and the incubation was continued for 1-2 hours. After washing the beads, proteins bound to the beads were eluted, and they were examined for Western blotting as described earlier.
Results
Binding of McM6 fragments with McM-interacting proteins
We reported the possible interaction of human MCM2-7 proteins with MCM-interacting proteins, [30] [31] [32] and the results are summarized in Table 1 . The interaction of MCM2-7 proteins with MCM10 is shown in Figure S1 . In these experiments, one of the MCM2-7 proteins was expressed with an MCMinteracting protein in the insect cells. The MCM-interacting protein in the cell lysate was immunoprecipitated, and coimmunoprecipitation of MCM2-7 proteins was examined by Western blotting analysis. Among MCM2-7 proteins, MCM6 was the protein that most frequently interacted with the MCM-interacting proteins. ATP-binding sites in MCM6 play important roles in exhibiting DNA helicase activity of MCM4/6/7 complex.
28,29 Thus, we chose MCM6 to determine the region of interaction with the MCM-interacting proteins. MCM6 was first divided into two fragments: N-terminal half containing Zn-finger motif (N1) and C-terminal half containing ATP-binding motifs (C1). 25 Smaller C2 fragment contains Walker motifs A and B and sensor I region, and C3 fragment contains C-terminal region containing sensor II region. Structural partition between sensor I and sensor II was suggested for the analysis of human MCM2 fragments digested with trypsin. 33 The smallest fragment of C4 only contains Walker A region. N1+C2 fragment contains N-terminal half and Walker motifs A and B and sensor I in the C-terminal region. N1+490 fragment contains N-terminal half and regions of Walker motifs A and B.
These MCM6 fragments were expressed with CDC45 in the insect cells for immunoprecipitation (Figure 1 , complete). As a control, the same immunoprecipitation was performed in the absence of expression of CDC45 (negative). In all combinations, CDC45 expression was confirmed by detecting the bands in Triton-soluble (S) and Triton-insoluble (P) fractions, and precipitated CDC45 was detected in elution fractions (E1, 2, and 3). The CDC45 bands were not detected in these fractions in the control experiment. Full-length MCM6 was coprecipitated with CDC45 in the complete experiment but not in the control experiment. N-terminal N1 fragment, which was detected as two bands by unknown reason, was not coprecipitated, but C-terminal half C1 fragment was coprecipitated. Addition of ATP-binding motifs to N1 fragment gave CDC45-binding ability (N1+C2 and N1+490), suggesting the region containing ATP-binding motifs is required for binding with CDC45. C2 fragment containing Walker motifs A and B and sensor I itself was able to bind to CDC45, but C3 containing the C-terminal end region was not. The smallest C4 fragment containing Walker motif A was McM-BP, 24 and MCM10 is shown. The cases in which distinct and significant bands were detected are shown by + and those in which such bands were not detected by -. 
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hosoi et al coprecipitated with CDC45. Consistent with these findings, direct binding of CDC45 and MCM2-7 was observed by incubation of purifying these two proteins ( Figure S2 ). Also, interaction of CDC45 and myc-MCM6 fragments (C2 and C4) was confirmed by immunoprecipitation with anti-myc antibody, instead of anti-CDC45 antibody ( Figure S3) .
Interaction of RPA2, a subunit of RPA complex, with MCM6 fragments was examined (Figure 2 ). RPA2 was precipitated with the antibody. Coprecipitation of MCM6 was detected for C1 fragment but not for N1 fragment. Addition of the region containing ATP-binding motifs to N1 fragment gave RPA2-binding ability (N1+C1, N1+490). C2 itself was able to bind to RPA2, but C3 did not bind to RPA2. Coprecipitated C4 fragment was faintly detected. Although the levels of sensitivity to detect coprecipitated MCM6 fragments vary among the fragments, all these data are essentially comparable to those on the CDC45 binding; that is, ATPbinding motifs of MCM6 containing Walker motif A are involved in the interaction with CDC45 and RPA2.
Binding of TIM with MCM6 fragments was examined (Figure 3 ). C1 fragment but not N1 fragment bound to TIM. Addition of ATP-binding motifs to N1 fragment gave TIM-binding ability (N1+C2, N1+490). Coprecipitation of C2 fragment with TIM was detected but that of C3 and C4 was not. Direct binding of TIM and MCM2-7 was observed by incubation of purifying these two proteins ( Figure S2) . Essentially, the same results to TIM were obtained for TIPIN (Figure 4) . Thus, the region containing Walker motifs A and B is involved in binding with TIM and TIPIN. As to Claspin, faint coprecipitated bands were detected for full length and C1 fragment of MCM6 ( Figure 5 ). However, coprecipitation was not detected for N1+C2, N1, C2, and C3 fragments. These results suggest that the entire region of C1 is required for binding to Claspin. Proteins unbound to the beads were recovered (U). The beads were extensively washed, and the supernatant of the final wash was recovered (F). Proteins bound to the sepharose were eluted three times. Proteins in the eluate (e1, 2, and 3) as well as proteins in the s, P, U, and F fractions were electrophoresed, and they were analyzed by Western blotting using anti-cDc45 and anti-myc antibodies. Only 
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Binding of proteins to aTP-binding site of McM6
Interaction of MCM-BP with MCM6 fragments was examined ( Figure 6 ). Both N1 and C1 fragments were coprecipitated with MCM-BP, as reported earlier. 24 Coprecipitation of C2 fragment but not of C3 and C4 fragments was detected. These data suggest that the two separated regions of N-terminal half and ATP-binding motifs in the C-terminal half of MCM6 are involved in binding with MCM-BP. Binding to N-terminal half-fragment was only detected for MCM-BP among the MCM-interacting proteins examined in this study. Binding of MCM10 to the MCM6 fragments was examined ( Figure 7) . Coprecipitation of C1 fragment with MCM10 but not of N1 fragment was detected. Addition of C2 fragment or the region of 326-490 to the N1 fragment gave MCM10-binding ability. Binding of C2 fragment was weakly detected but that of C3 fragment was not. Thus, the data suggest that MCM10 has affinity to C2 region, more stringently to the region containing Walker motifs A and B. Proteins eluted (e1, 2, and 3) as well as those in the fractions of s, P (Triton insoluble), U (unbound to the beads), and F (supernatant of the final wash) were electrophoresed, and they were examined by using anti-TiM and anti-myc or McM6 (Fl) antibodies. in the experiment using c1 fragment, the McM6 band was detected in F fraction, which is probably due to leakage of the samples from the adjacent lanes. However, van Deursen et al 13 reported that Mcm10 binds to the MCM domain located at the C-terminus in S. cerevisiae using two-hybrid system. These data are not consistent with the present results, and further experiments are required to clarify this apparent discrepancy.
MCM4 is a subunit that is localized next to MCM6 in MCM2-7 hexamer. 34 Binding of MCM4 to the MCM6 fragments was examined (Figure 8 ). In this experiment, pull down of His-MCM4 using Ni-beads was carried out instead of immunoprecipitation. Binding of MCM6 N1 and C1 fragments was weakly detected, although faint bands in eluates were detected in the control experiment in these experiments. The presence of C2 fragment or the region of 326-490 appears to increase the binding ability of the N1 fragment. Corecovery of C2 fragment with MCM4 was weakly detected but that of C3 fragment was not.
To understand the mode of the interaction, a mutated C2 fragment where three conserved leucines at 370, 429, and 449 in the C2 fragment were converted to alanines was 24 Proteins eluted (e1, 2, and 3) as well as those in the fractions of s, P (Triton insoluble), U (unbound to the beads), and F (supernatant of the final wash) were electrophoresed, and they were examined by using anti-McM4 and anti-myc or McM6 (Fl) antibodies. 
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Binding of proteins to aTP-binding site of McM6 prepared. These amino acids are highly conserved, since these are conserved in MCM4 in S. cerevisiae and in Sulfolobus solfataricus MCM. The leucine at 370 is located near the external hairpin region and those at 429 and 449 are near the helix 2 region. 26 Binding of the mutated C2 fragment to CDC45 and TIM proteins was examined (Figure 9 ). The decreased levels (approximately one-fourth of wild type) of the bands in the eluates were detected for CDC45 and TIM. These results suggest that hydrophobic binding is involved in the interaction of these two proteins with C2 fragment of MCM6.
Discussion
All data are summarized in Figure 10A . Distinct binding to the C2 fragment containing Walker motifs A and B and sensor I was observed for CDC45, RPA2, TIM, TIPIN, MCM-BP, and MCM10. Schematic view of binding of each MCM-interacting protein to MCM6 is shown in Figure 10B suggesting a possibility that these MCM-interacting proteins interact to all the MCM2-7 proteins. These results suggest that the MCM-interacting proteins examined here regulate MCM2-7 complex by modulating ATP-binding ability of the complex. MCM4/6/7 hexamer exhibits DNA helicase activity in vitro. 28 Specific binding of ATP with MCM6 was observed when mouse MCM4/6/7 complex was incubated with radiolabeled ATP. Both the high-affinity binding of ATP to MCM6 and the DNA helicase activity of the complex were inhibited by introducing mutation at Walker motif A or B of MCM6. Other activities of single-stranded DNA binding and ATPase activity of the complex were not inhibited by the MCM6 mutation. These results indicate that the binding of ATP to MCM6 is required for DNA helicase activity of the MCM4/6/7 complex. We examined whether the interaction of the MCM-interacting proteins, including CDC45 with MCM complexes, modulates ATP-binding ability of MCM proteins, including MCM6 ( Figure S4 ). The results indicate that CDC45 did not interfere with the binding of ATP to MCM2-7 proteins in the MCM2-7 complex, but it inhibited the binding of ATP to MCM6 in the MCM4/6/7 complex under these conditions. To understand functional significance of the findings, we examined the effect of these proteins on the DNA helicase activity of the MCM4/6/7 complex ( Figure S5 ). The results indicate that MCM-BP and TIM/TIPIN can inhibit the activity and CDC45 is slightly inhibitory.
CDC45 bound to the shortest fragment of C4 containing Walker motif A. The amino-acid sequence in C4 fragment is conserved among MCM2-7 proteins. This finding can explain that CDC45 can bind all the MCM2-7 proteins in the system similar to that described in this study. 32 Electron microscopic observation of the isolated CMG complex shows that CDC45 interacts with Mcm2 and Mcm5 in the Mcm2-7 hexamer. 35, 36 This interaction may bridge the gap between Mcm2 and Mcm5 in the hexamer. Thus, it is possible that CDC45 mainly interacts with the region containing Walker motif A in Mcm2 and Mcm5 in the isolated Mcm2-7 complex. Thus, we examined the interaction of MCM2 fragments and MCM-interacting proteins. First, we examined the interaction of an MCM2 fragment (469-672), which is an equivalent of C2 fragment of MCM6, with MCM-interacting proteins, including CDC45 ( Figure S6 ). The results indicate that the MCM2-C2 fragment is able to bind to CDC45 and TIM but not to MCM-BP. When binding of a smaller fragment of MCM2 (469-618) containing Walker motifs A and B was examined, the MCM2 fragment bound to CDC45 but not to MCM-BP ( Figure S7 ). We reported that TIM, TIPIN, and RPA2 bind to MCM3-7 proteins but hardly bind to MCM2 in the similar systems; 30, 31 this is in contrast to the binding mode of CDC45 to MCM2-7.
32 TIM and TIPIN required wider region of MCM6 than CDC45 that binds to the C4 fragment containing Walker motif A. It appears that CDC45 binds to C4 fragment more strongly than RPA2. These different binding modes between CDC45 and other three proteins may explain the binding of CDC45 to MCM2. 32 TIM/TIPIN/Claspin complex is involved in inhibiting MCM helicase at the fork when DNA synthesis is prevented. 14 Consistent with this notion, it has been reported that TIM/TIPIN complex inhibits DNA helicase activity of MCM2-7 in vitro. 20 It is possible that TIM/TIPIN disturbs ATP-binding ability of MCM2-7 complex. It has been reported that Mrc1, a homologue of Claspin, binds to the C-terminal region of MCM6, and the region is sufficient for binding to Mrc1 in S. cerevisiae. 17 The result appears not to be consistent with those of this study, since the entire region 
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in the C-terminal half is required for binding to Claspin. Also, we did not observe the specific binding of MCM10 to the C-terminal region of MCM6. 13 Further analysis is required to clarify these apparent discrepancies.
It is suggested that MCM-BP is involved in dislodging MCM complex from the replication forks at termination of DNA replication. 23 Related with this notion, we reported that MCM-BP mainly interacts with MCM7 in the S and G2 phases of HeLa cells. 24 It has also been shown that MCM-BP mainly binds to MCM3, MCM5, and MCM7 when it was coexpressed with MCM2-7 proteins in the insect cells. It has been shown that MCM-BP binds to the amino-terminal region of MCM6 in addition to the carboxyl-terminal region in this study. This binding mode of MCM-BP may be consistent with the notion that MCM-BP disassembles MCM2-7 complex at the forks. It is also possible that MCM-BP regulates MCM function by disrupting the interaction of MCM6 with other replication proteins.
Recently, structural analysis of MCM2-7 prepared from yeast at the G1 phase was reported. 37 The results suggest that hydrophobic interaction between contacting ATPase domains plays an important role in the intersubunit interaction. Conformational differences lies at the six ATPase centers of the ATPase domain. Two active centers, MCM2:MCM6 and MCM5:MCM2, are outliers, and ATP-binding pockets are less compact in MCM2 and MCM6. The nucleotide occupancies at the centers of MCM3:MCM5 and MCM6:MCM4 dimers are comparatively low, and only dimers of MCM7:MCM3 and MCM4:MCM7 are active. This structural information would be important to consider the possibility that MCM2-7 helicase activity is regulated by the interaction of MCMinteracting proteins with MCM6.
